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ABSTRACT
Red clump stars are commonly used to map the reddening and morphology of the
inner regions of the Milky Way. We use the new photometric catalogues of the VISTA
Variables in the Vı´a La´ctea survey to achieve twice the spatial resolution of previous
reddening maps for Galactic longitudes −10◦ < l < 10◦ and latitudes −1.5◦ < b < 1.5◦.
We use these de-reddened catalogues to construct the Ks luminosity function around
the red clump in the Galactic plane. We show that the secondary peak (fainter than
the red clump) detected in these regions does not correspond to the bulge red-giant
branch bump alone, as previously interpreted. Instead, this fainter clump corresponds
largely to the over-density of red clump stars tracing the spiral arm structure behind
the Galactic bar. This result suggests that studies aiming to characterise the bulge red-
giant branch bump should avoid low galactic latitudes (|b| < 2◦), where the background
red clump population contributes significant contamination. It furthermore highlights
the need to include this structural component in future modelling of the Galactic bar.
Key words: Galaxy: bulge – Galaxy: structure
1 INTRODUCTION
The Milky Way (MW) is the only galaxy in the Universe
whose components can all be resolved into individual stars.
As such it is an ideal, and indeed, unique laboratory to inves-
tigate the details of the processes behind formation and evo-
lution of a disc galaxy (Bland-Hawthorn & Gerhard 2016).
As a result, the need to obtain a large-scale empirical de-
scription of the MW has defined the ambitious requirements
of large photometric and spectroscopic surveys during the
last decade.
In recent years, and in particular with the availabil-
? Based on observations collected at the ESO La Silla-Paranal
Observatory 179.B-2002.
† E-mail:oscar.gonzalez@stfc.ac.uk
ity of the near-IR photometry from the VISTA Variables
in the Via Lactea (VVV) ESO public survey, red clump
(RC) stars have become one of the most used tool to in-
vestigate the extinction properties and the structure of the
inner Galaxy. The RC can be identified easily in the observed
colour-magnitude diagram (CMD) of stellar populations and
their absolute magnitude is well defined by theoretical mod-
els (see Girardi 2016, for a recent review). For a given Galac-
tic stellar population, such as that of the Milky Way bulge
(MWB), the mean magnitude of its RC stars is affected by
interstellar extinction, distance, and to a minor extent by
changes in the stellar population properties such as age and
metallicity. The mean metallicity of the MWB is well known
to vary as a function of Galactic latitude, going from near-
Solar metallicity at low latitudes to [Fe/H] ∼ −0.40 dex in
the outermost regions. The change in mean metallicity as
© 2018 The Authors
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a function of Galactic longitude is much smaller, if at all
present, within −10◦ < l < 10◦. On the other hand, although
the majority of MWB stars are known to be old (∼10 Gyr),
it remains to be understood if there is a significant fraction
of young stars (<5 Gyr), specifically at the metal-rich end
(see Renzini et al. 2018, and references therein). However,
the MWB age-metallicity relation recently found by Bernard
et al. (2018), that favours a wide range of ages for metal-
rich stars, can be used to show that in this case (for the well
known spatial variations in mean metallicity) the mean age
of the MWB could spatially vary from 10 Gyr in the outer
regions to up to 6 Gyr closer to the plane. Even when these
maximum population gradients are considered, the theoret-
ical mean magnitude variation of the RC would be of < 0.10
magnitudes (see Fig. 6 in Salaris & Girardi 2002), which is
equivalent to a distance uncertainty of ∼ 300 pc at 8 kpc.
It is for this reason that identification and mapping of the
mean magnitude of the RC can be safely used both to correct
for interstellar reddening as well as to obtain the distance
distribution of MWB stars for a given line-of-sight (LOS).
Since the study of Stanek et al. (1994), most structural
studies of the MWB based on the RC follow a similar proce-
dure that includes the construction of the luminosity func-
tion (LF) from the dereddened CMD and the fitting of the
underlying red giant branch (RGB) stars using a polynomial
or exponential function. The contribution of the RC in the fit
is then parametrised using a Gaussian function. However, an
additional, secondary peak in the LF (fainter than the RC)
was first identified (but left out of the fit) by Nishiyama et al.
(2005, see their Fig. 3) at latitudes b = 1◦. The secondary
peak was then included in the RC parametrisation adding a
second Gaussian fit to OGLE-III data by Nataf et al. (2011)
at higher Galactic latitudes but lower than those where the
double RC from the X-shaped bulge becomes important (i.e.
at |b| < 5◦). Nataf et al. (2011) interpreted the secondary
peak as the MWB red giant branch bump (RGBB) which
was followed by a more detailed analysis of its properties
by Nataf et al. (2013), who found that the RGBB was 0.10
mag brighter than expected therefore suggesting an anoma-
lous helium enhancement to reconcile this difference. Later
studies have included the two-Gaussian fit regardless of the
region being studied and without further discussion on the
nature of the secondary peak (relying on a RC+RGBB na-
ture). Gonzalez et al. (2011c) used the RC to trace the bar
properties at latitudes |b| < 2◦ (the same region studied in
Nishiyama et al. (2005)), showing that the secondary peak
does not follow the mean magnitude nor the density varia-
tions of the RC as a function of Galactic longitude.
In this letter we use new VVV catalogues based on PSF
photometry (Alonso-Garc´ıa et al. 2018) to produce a high-
resolution (1′ × 1′) reddening map of the MWB regions be-
tween −10◦ < b < +10◦ and −2◦ < b < +2◦. We use the
PSF catalogues and reddening map to show that the sec-
ondary peak in these in-plane regions is tracing the spiral
arm structure of the disc behind the Galactic bar.
2 OBSERVATIONS
Observations for the VVV survey were taken with the 4m
VISTA telescope located in ESO Cerro Paranal Observatory
in Chile. The VIRCAM camera installed on it contains 16 de-
tectors, which provide near-infrared, wide, sparsely-sampled
images of the sky known as pawprints, covering a total area
of 0.6 deg2 with a resolution of 0.34′′ per pixel (Minniti
et al. 2010). Combining a mosaic of six partially superim-
posed pawprint exposures results in a contiguous coverage of
the so-called tile, an image of 1.64 deg2 field of view (Saito
et al. 2011)). Images in Z, Y, J, H, and Ks are processed
and reduced using the VISTA Data Flow System (VDFS
Emerson et al. 2004; Irwin et al. 2004), developed at the
Cambridge Astronomical Survey Unit (CASU). VDFS also
produces catalogues providing the positions of the objects
detected, along with their aperture photometry.
Since we are concentrating our efforts on the inner re-
gions of the VVV survey (−10◦ < b < +10◦ and −2◦ < b <
+2◦), crowding and reddening effects are an important factor
to take into account. Although the quality of the catalogues
provided by CASU are of excellent quality and suitable for
immediate science, the reliability of a study of the secondary
peak strongly depends on the completeness and photometric
accuracy at these faint magnitudes. Valenti et al. (2016) cir-
cumvent this issue by using VVV PSF catalogues for J, and
Ks that outperform those based on aperture photometry in
high-crowding areas. The completeness of those PSF cata-
logues in the bulge regions that are relevant for this work is
∼ 80% at a magnitude Ks=14, which is a factor two higher
than those produced using aperture photometry.
Further details on the PSF photometric catalogues is
provided in a separate article (Alonso-Garc´ıa et al. 2018).
Here it is sufficient to mention that the PSF photometry is
performed on the individual chips of the pawprint images
in the J and Ks filters, using the DoPHOT software package
(Schechter et al. 1993; Alonso-Garc´ıa et al. 2012). We used
the average magnitudes of two epochs per filter, weighted ac-
cording to their reported uncertainties. Positions from the
detected objects were astrometrised using the information
provided by CASU, and the photometry calibrated into the
VISTA photometric system applying a magnitude offset to
every chip after direct comparison, in a given chip, of the
brightest stars in common with the CASU catalogs. Indi-
vidual chips were cross-correlated using the STILTS package
(Taylor 2006) to individual tile fields first, and after that to
all the region of interest.
3 THE HIGH-RESOLUTION REDDENING
MAP OF THE INNER MWB
3.1 The RC method to measure reddening
In this work we look to improve the resolution of the red-
dening maps from Gonzalez et al. (2012) (2′ × 2′) near to
the Galactic plane (|b| < 1.5◦) by using deeper, more com-
plete PSF photometry of the VVV data. Because the new
PSF catalogues reach higher number counts in the RC region
of the CMD, we are able to accurately detect the RC and
measure its mean color in spatial bins of 1′ × 1′. Therefore,
we can calculate reddening values following the method de-
scribed in Gonzalez et al. (2011b) but improving the spatial
resolution obtained in Gonzalez et al. (2012) by a factor of
two.
The selection of RC stars is made from the (J − Ks)-Ks
CMD. A Gaussian fit is applied to the RC (J−Ks) colour and
MNRAS 000, 1–6 (2018)
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Figure 1. Reddening map of the in-plane regions of the MWB, with a 1′ spatial resolution, for Galactic longitudes −10◦ < b < +10◦ and
latitudes −1.5◦ < b < +1.5◦. Dashed boxes mark the regions analysed in this work. A particularly low extinction window is also marked
as a solid line box. The complete map, including the outer regions presented in Gonzalez et al. (2012), is available via an interpolation
code from http://mill.astro.puc.cl/BEAM.
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Figure 2. Ks,0 LF of a 1 sq. deg. field centred at (l, b) = (0◦, −1◦)
(grey shaded area) and the best-fitting exponential+double Gaus-
sian function (dashed black line). The exponential function for the
RGB (white dash-dotted line) as well as a Gaussian function main
RC (orange solid line) and the secondary peak (blue solid line)
are also shown.
the colour excess E(J − Ks) is calculated with respect to an
intrinsic value of (J−Ks) = 0.68, as measured for de-reddened
RC stars in Baade’s Window (Gonzalez et al. 2012). The RC
star selection box is selected on tile-by-tile basis to ensure
that the RC region is correctly mapped, accounting for the
differences in reddening and distance in each LOS. Specifi-
cally, the Ks limits of the selection box are adjusted in each
tile catalogue to account for the change in magnitude that
follows the orientation of the Galactic bar. The blue colour
limit is visually selected for each tile to minimize contam-
ination from the disc main sequence. Finally, the red limit
in the selection box is fixed to (J − Ks) = 5.5 mag as deter-
mined by the highest colour excess that can be traced by our
catalogues. This limiting colour excess is determined by the
limit magnitude of the J-band catalogues. The uncertainties
in the E(J−Ks) values are dominated by the remaining differ-
ential reddening from variation within spatial scales smaller
than 1′ and can reach values as high as σE(J − Ks) ∼ 0.20
magnitudes in the innermost regions. We quantify this er-
ror using the dispersion of the Gaussian fit to (J − Ks) for
each bin as a proxy for the residual differential reddening.
The residual reddening can be estimated by deconvolving
the dispersion of the Gaussian fit in each bin with the in-
trinsic colour width of the RC in Baade’s window, estimated
to σ = 0.10 mag from de-reddened RC in Baade window (as
in Gonzalez et al. 2012)).
The improved resolution of the maps at low latitudes
allows us to trace the fine structure of the dust features that
can be seen in the Ks band images of a given region. The
new reddening map allows to perform a better study of the
CMD, providing reddening corrections for sources that are
closer to the optimal value that would be measured from
the individual source itself. This is particularly critical in
the inner regions where the amount of reddening changes
over very small spatial scales. However, one limitation of
these 2D maps is that, by definition, their reddening values
correspond to the integrated absorption along the line-of-
sight at the mean distance of the observed MWB population.
The applications of this reddening map range from the
study of stellar populations such as age determinations via
turn-off fitting, structure from the construction of the LF
and fitting of the RC, as well as photometric first guess
stellar parameters for spectroscopic abundance analysis. It
can also be used to identify and explore new regions of low
reddening in the VVV area (Minniti et al. 2018). Here we
identify a new low-reddening window in the Galactic plane
located at (l, b) = (−5.2◦,−0.3◦) (see Fig. 1). This half-degree
diameter window (VVV WIN 1733-3349) reaches E(J − Ks)
values nearly 3 magnitudes lower than the surrounding field.
We suggest this window to be used in future studies as a
reference field for the inner MWB, similarly to how Baade’s
window has been used for the outer regions, where future
multi-band surveys with different sensitivities can cross-
calibrate their measurements.
3.2 BEAM-II: Bulge Extinction And Metallicity
calculator II
In Gonzalez et al. (2012) we presented a web application
named Bulge Extinction And Metallicity calculator (BEAM)
where the user can retrieve values for E(J−Ks) and photomet-
ric metallicities (from Gonzalez et al. 2013) for a given field
or a catalogue of coordinates. We have now prepared a new
BEAM code, named BEAM-II, in R1 that includes the im-
proved reddening values presented here. The code can run on
any machine with a working R installation and is no longer
limited to short catalogues as in the HTML-based BEAM
applet.
The BEAM-II code is based on interp routine of the
1 https://cran.r-project.org
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akima package, that performs a linear interpolation of the
four neighbouring points to the input coordinates in the red-
dening grid. The grid also includes uncertainty estimations
and the mean photometric metallicity ([Fe/H]) for the input
coordinates based on interpolation of the maps from Gonza-
lez et al. (2013). We note that the metallicity maps are only
available for the regions |b| > 3◦ as described in Gonzalez
et al. (2013).
4 THE STRUCTURE BEHIND THE BAR
Thanks to the superior photometry of the VVV PSF cat-
alogues used in this study, we can improve our previous
measurements of reddening and then apply it to investigate
the structure of the MWB and bar near to the Galactic
plane. In particular, we focus the analysis on the secondary
peak observed in the LF following-up on the results from
Gonzalez et al. (2011c). Gonzalez et al. (2011c) suggested
that the behaviour of the RGBB at b ∼ 1◦ is not consis-
tent with a population feature like the RGBB as its mean
magnitude had a different variation as a function of Galactic
latitude than the RC. Note that a secondary, fainter peak
is still detected at intermediate Galactic latitudes (b ∼ 4◦)
(see Fig. 9 in Gonzalez et al. 2011b) but its mean magni-
tude and strength changes are correlated with those of the
RC. This behaviour at intermediate latitudes is consistent
with the expectations from the RC+RGBB (in terms of their
mean magnitude changes), in agreement with the analysis of
Nataf et al. (2011). Here we investigate the properties of the
secondary peak in the Galactic plane |b| = ±1◦ using the
improved photometric VVV catalogues and corresponding
reddening maps.
We first construct the dereddened Ks,0 LF in each tile
applying a colour cut of (J−Ks)0 > 0.30 mag to limit contam-
ination from the foreground disc. Figure 2 shows the best fit
to the LF at (l, b) = (0◦,−1◦) using an exponential + double
Gaussian function. The need for a double Gaussian in the
fit is evident from inspecting Fig. 2. Starting from the hy-
pothesis that, at these low latitudes, the secondary peak is
not the RGBB but the RC of a background disc structure,
we assume the entire RGB-free LF to be composed of RC
stars and therefore following the LOS distance distribution
of stars.
To evaluate this hypothesis, we subtract the best fit ex-
ponential function from the observed LF in each field, leav-
ing only the main RC and secondary peak features (hereafter
referred to as RC1 and RC2, respectively). We construct
the LOS distance distribution bins of 1◦ × 1◦ by adopting
an intrinsic magnitude of the RC of MKs (RC) = −1.61 mag
(Chen et al. 2017). The resulting distance distributions for
longitudes l = −9◦,−4◦, 0◦,+4◦, and +9◦ are shown in Fig. 3.
While the location of RC1 changes as a function of longitude
as expected from the position angle of the bar, the location
of RC2 moves in the opposite direction, increasing their sep-
aration towards positive longitudes. Similarly, their relative
density depends on longitude, with a RC1/RC2 ratio that
clearly increases towards l = 0◦. Note that the density of
RC1 and RC2 are similar at positive longitudes (see leftmost
panel in Fig. 3). Neither of these properties are consistent
with the RGBB but, instead, they justify our assumption
of the secondary peak being dominated by red clump stars
from a structure located behind the bar, such as a spiral
arm.
To verify this conclusion we investigate if a spiral arm
behind the bar would produce such a feature in the distance
distribution by looking at an N-body simulation of a Milky
Way-like galaxy from Debattista et al. (2005). Simulation
R1 from Debattista et al. (2005) is a disc galaxy that forms
a B/P bulge via buckling instabilities of the bar. Because
of its similarity with the Milky Way, R1 is part of the Gaia
challenge 2 and, among other studies, it has been used to in-
vestigate the X-shape properties of the MW (Gardner et al.
2014; Va´squez et al. 2013). In this work we use R1, scaled
to the Milky Way size as described in Gardner et al. (2014),
to obtain the distance distribution of stars along the same
LOS where we are observing the faint bump. To construct
the distance distribution in a way that is comparable to
those obtained using the RC magnitudes, we first translate
the distances in the simulation to pseudo-RC magnitudes
and convolve the magnitude distribution using a Gaussian
of σ = 0.20 mag to account for the intrinsic width of the RC
and residual differential reddening (see for example Wegg &
Gerhard 2013; Gonzalez et al. 2011a). Finally, the pseudo-
RC magnitude distribution of the simulation, now convolved
with the observed RC distance uncertainty in magnitude
space, are converted back to distance.
The final LOS distances for the simulation are shown in
the bottom row of Fig. 3. The observed and simulated dis-
tance distributions behave very similarly in all the fields. In
particular, we observe that the changes of the observed RC2
as a function of longitude resemble those of an over-density
in the simulation, located behind the bar. The most impor-
tant differences arise in the central fields at l = 0◦. In this
particular LOS, the secondary peak could indeed include
the RGBB as the density of MWB stars would we much
higher than those of the background RC stars, as evidenced
in the simulation (that is not affected by population effects)
at l = 0◦ in Fig. 3. We show this effect in the bottom panel
of Fig. 3 when including a RGBB-like feature to the simu-
lation by adding a simple Gaussian to the best fit distance
distribution (in magnitude space before converting it back to
distance). To produce the RGBB-like feature we assumed a
simple Gaussian that is 0.71 magnitudes fainter than the RC,
with 12% the number density of RC stars and the same dis-
persion (Nataf et al. 2011). This is not an attempt to model
the RGBB itself but to show that indeed the inclusion of
an RGBB-like feature produces a better match between the
simulation and the observations at l = 0◦, while its contribu-
tion considerably decreases with respect to the background
over-density as |l| increases. This further supports the inter-
pretation of RC2 being dominated by the contribution of a
structural feature different from the Galactic bar.
In order to identify the nature of the background struc-
ture in the simulation, we construct the projected density
for particles restricted to the Galactic plane (z = 0.4 kpc,
equivalent to b = 1.5◦ at a distance of 16 kpc) which in-
clude the relevant regions for comparison to our VVV data.
The projected density of the simulation is shown in Fig. 4
together with the location of the observed and simulated
mean distances shown in Fig. 3. These mean distances are
2 http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php
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Figure 3. Distance distribution of RC stars at Galactic latitude |b | = 1◦ (upper panel) and a range of longitudes (shown in each
panel) from VVV (top row) and from the N-body simulation from Gardner et al. (2014) (bottom row). Observed distances are obtained
assuming all stars in the RGB-subtracted LF to be RC stars and the grey shaded area denotes the difference between positive and
negative latitudes. The best-fit Gaussian functions to the mean distance distribution for the main RC (orange) and secondary peak
(blue) are also show. The red dashed lines show the resulting best fit distribution to the observations. In the simulations the black solid
line shows the resulting distribution after including a RGBB-like Gaussian to the LF. The vertical grey dashed lines marks a distance of
8 kpc in all panels for reference.
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Figure 4. Projected density of stars in simulation R1 from De-
battista et al. (2005), scaled to the MW as in Gardner et al.
(2014), restricted to z = ±0.4 kpc. The mean distance to the near
(circles) and far (squares) structures along the LOS distance dis-
tribution of the simulation in 1◦ × 1◦ bins are shown. The white
shaded area corresponds to the 1σ around the mean of the Gaus-
sian fit for RC1 in the MW observations. The mean distance to
the secondary peak in the MW is shown with white crosses. Note
that the fit in the observed case is also done in distance space,
instead of magnitude as usually done in previous studies, under
the assumption that all stars belong to the RC. LOS for l=-9◦,
-4◦, 0◦, +4◦, and +9◦ used to construct the distance distributions
of Fig.3 are also marked in the figure. The distance distribution
for the line of sight l=+4◦ is shown in the upper panel to show the
background over-density produced by the spiral arm structure.
obtained from fitting a double Gaussian function to the LOS
distance distributions. From Fig. 4 it is clear that the origin
of the background density peak is produced by the spiral arm
structure. Because of the analogous behaviour of RC1 and
RC2 to the bar+spiral arm in the simulation we conclude
that RC2 traces the background spiral arm of the MW.
It is important to note that the mean distance measured
for background spiral does not match the actual location of
the spiral due to projection effects, the merging of the bar
and the spiral at its far end, and the fact that the RGBB
should still be present in the observations. However, from the
projected density of the simulation and the results from the
Gaussian fit shown in Fig. 4 we see that the simulated mean
density matches fairly well the actual position of the spiral
arm at positive latitudes. In the observations at this LOS,
RC2 is located at ∼ 12.7 kpc from the Sun, which agrees
with the expected location of Perseus arm in the Milky Way
(see Fig. 2 in Sanna et al. 2017). However, this value can
be affected by the adoption of an intrinsic magnitude of the
RC different to that of the Galactic bar and by the potential
presence of additional dust extinction behind the bar, as our
2D reddening maps are dominated by the dust lane in front
of the bar Minniti et al. (2014). These effects must be taken
into account when detailed maps and modelling of the spiral
structure of the MW are done based on RC stars in future
studies.
5 SUMMARY
In this letter we used RC stars from the improved PSF pho-
tometric catalogues of the VVV survey in a stripe at b = −1◦
to investigate the nature of the secondary peak, fainter than
the RC in the LF, previously identified as the RGBB. We
show that in these in-plane regions the secondary peak does
not follow the bar position angle and density, as would be
expected if it were associated with the same structure but
different evolutionary phase (i.e. RGBB), confirming the re-
sults from Gonzalez et al. (2011c). Here we demonstrate,
using a N-body simulation of a Milky Way-like galaxy, that
the RC and the secondary fainter peak are consistent with
the bar and the spiral arm behind the Galactic bar.
From these results, we highlight the following:
• Studies attempting to characterise the RGBB of the
MWB population should concentrate on Galactic latitudes
MNRAS 000, 1–6 (2018)
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between |b| = 3◦ and 5◦ to avoid the effects of the back-
ground spiral arm at lower latitudes and of the two arms of
the X-shaped bulge at latitudes larger than |b| ∼ 6◦. Note
that Nataf et al. (2011) analysed OGLE-III data that con-
centrates mostly at b > −2◦ (see their Fig. 2). Therefore, we
expect their conclusions to remain valid, but a revision of
the influence of the spiral structure behind the bar on their
innermost fields in their study is encouraged.
• There is important structural information in the sec-
ondary peak that should not be neglected or confused as a
pure population effect such as the RGBB. Models used to
characterise the structure of the inner MW should take this
feature into account, particularly in the LOS towards the
far-end of the bar where the two structures merge.
• We find that the structure is located approximately be-
tween 12.0-13.0 kpc from the Sun towards longitudes l = 0◦,
possibly matching the location of the Perseus arm. Further
modelling is required in order to map this structure in detail.
The fact that RC stars are tracing the spiral arm behind
the galaxy presents an important opportunity for investi-
gating the chemo-dynamical properties of the far side of the
Galaxy with high number statistics. The Multi-Object Op-
tical and Near-IR Spectrograph (MOONS) to be installed
at the Very Large Telescope in late 2020 will provide ra-
dial velocities and chemistry for thousands of stars in this
region. This data coupled with the positional information
from VVV data will allow us to map the backyard of the
Milky Way in unprecedented detail.
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